Abstract: There is increasing demand for simulation tools of flow and suspended sediment transport over complex boundaries in hydraulic engineering. The diagonal Cartesian method, which approximates complex boundaries using both Cartesian grid lines and diagonal lines segments, is presented in the paper to simulate the complex boundaries of two-dimensional shallow-water turbulence equations and nonequilibrium suspended sediment transport equation. The method, which utilizes cell-centered nodes on a nonstaggered grid, uses boundary velocity information at the wall boundary to avoid the specification of water level. An enlarged finite-difference method is introduced for momentum and suspended sediment equations on the complex boundary. This paper describes an application of the diagonal Cartesian method to calculate the tidal current and suspended sediment concentration of Quanzhou Bay in the Fujian province of China. The results show that the method predicts the flow and suspended sediment concentration well, and the calculations agree well with the measurement.
Introduction
Shallow-water turbulence equations are typically used to model overland flow, river and lake hydrodynamics, as well as estuarine and coastal circulation ͑Rodi 1993͒. Many of these applications involve moving boundary and uneven bottom topography due to sediment transportation, and simulating these processes is becoming increasingly important. During computational simulation, it is important to approximate the boundary contour accurately because the boundary conditions on the body play an important role in determining the flow and sediment transport.
For regular geometries with simple boundaries, good results can be obtained with current numerical techniques ͑Chen 1986͒. However, simulation of the flow and sediment transport around complex and irregular geometries remains a challenging task, because it is still difficult to generate a grid system in which the complex boundary conditions can be satisfied and for which the numerical solution is simple, accurate, and stable. This is particularly so when the flow calculations couple with the sediment transport.
The boundary-fitted coordinate system proposed by Thompson et al. ͑1974͒ is a popular choice, because the boundary surface is fitted with a new coordinate line based on the body contour. Some applications in hydrodynamics calculations of this method were presented by Karpik and Crockett ͑1997͒, Nagata et al. ͑2000͒, and Zarrati et al. ͑2005͒. However, this approach requires additional effort in generating the new coordinates for every object and solving, in general, more complex governing equations on the boundary-fitted coordinate system. If the problem has sharp boundaries or a complex multibody system, the method of boundary-fitted coordinates can become very difficult, because the corresponding grid systems and governing equations become extremely complicated.
The unstructured mesh system, which is traditionally used with the finite-element method ͑Schwanenberg and Harms 2004͒ and finite-volume method ͑Bradford and Sanders 2002͒, offers an alternative numerical grid system. It uses both triangular and quadrilateral elements so that irregular geometries can be approximated by a series of linear or splined unstructured segments. This computation, in general, consumes more CPU time than the comparable finite-difference method and requires additional computer memory in order to identify the nodal locations. It also requires a proper sequencing of the nodes in the numerical solution.
In another approach, many studies choose to approximate very complex geometries by grid lines on the Cartesian coordinates. A fine grid spacing is generally utilized in this method. Nakatsuji et al. ͑1993͒ used this method to simulate the tidal estuary flow on an irregular geometry and obtained satisfactory results. The advantage of this approach is that it is much simpler, in both generating equations and the numerical procedure, than the previous method. One drawback of the approximation is that it forms a sawtooth or stairlike boundary surface and the boundary will re-main rough and full of angles even if the grids sizes are refined.
The classical method to treat irregular geometries in Cartesian coordinates is to use additional nodes from the intersection of the irregular geometry boundary and the Cartesian coordinates ͑Lapidus and Pinder 1982͒. Although this method provides a smooth boundary approximation, it creates numerical instabilities when solving the system of discretized equations derived from the governing equations. This is because some boundary nodes can be placed very close to the Cartesian grid lines. When this happens, the system of discretized equations can become very stiff and unstable and hence difficult to solve.
Another method to approximate complex boundaries with Cartesian grids is the Cartesian cut-cell method, which is used to handle a wide range of dam-break flows. Within the cut cell method, body surfaces are represented using polylines, whose knots are defined in a counterclockwise direction. Cut cells are simply identified by clipping these polylines against the background grid. This approach allows the unusual number of edges, but it is necessary to use a finite-volume flow solver, based on conducting a flux balance across each edge of the cell ͑Zhou et al.
2004͒.
An improved method of computing flow field involving irregular geometries using a Cartesian grid was proposed by Chen et al. ͑1993͒ and further developed by Lin et al. ͑1998͒ . In the proposed method, irregular boundaries are approximated by both Cartesian grid lines and diagonal line segments. The idea of utilizing diagonal lines in addition to the Cartesian grid lines is new and simple. Carlson et al. ͑1993͒ were able to show an improvement in the accuracy of the flow simulation because the addition of diagonal segments improves the approximation of irregular boundaries. By using both Cartesian grid lines and diagonal segments, the approximated geometry will approach the actual irregular geometry if the grid is refined. Further development was documented by Lin et al. ͑1999͒ and . However, when using the method in hydraulic engineering, there are still previously unreported and unresolved difficulties, which involve specification of the water level, associated with applying the diagonal Cartesian method to simulate practical engineering problems over the complex boundary. The nature of these problems, as well as solutions, are described in this paper.
Governing Equations
The shallow-water flows are dominated by the continuous equation and the momentum equations
in which Zϭwater level; Hϭwater depth; u and vϭwater-depth averaged velocity components in the x-and y-directions, respectively; and CϭChezy resistance coefficient, which is usually computed by using the Manning formula 
in which Sϭwater-depth averaged suspended sediment concentration, in the unit of kg/ m 3 ; k x and k y ϭdiffusion coefficients of sediment in the x-and y-directions, respectively; and ␣ϭrecovery coefficient of suspended sediment and exerts a great influence on the rate of deformation of the riverbed, used as a fitting parameter. The larger the recovery coefficient is, the greater the rate of riverbed deformation will be, and vice versa. ϭaverage settling velocity of suspended sediment. The average particle diameter of the sediment in Quanzhou Bay is 0.005ϳ 0.008 mm, and the flocculation setting velocity is about 5.0ϫ 10 −4 m / s by measurement, in which flocculation D 50 is 0.03 mm; Finally, S * ϭsediment-carrying capacity and is calculated by the Rui-Jin Zhang formula ͑Zhang and Xie 1993͒:
in which K 0 ϭcoefficient of sediment-carrying capacity, where K 0 = 0.265 is used in the calculation; Uϭmagnitude of flow velocity, U = ͱ u 2 + v 2 ; ␥Јϭbulk weight of deposit, 800 kg/ m 3 is used in the calculation, excluding water; and Z 0 ϭriver-bed deformation.
The preceding method has broad similarities with other wellestablished methods for modeling nonequilibrium suspended sediment transport in a 2D model, such as that of Miles ͑1981͒.
Numerical Method
In the research, the contour of a complex geometry is proposed to be approximated by both Cartesian grid lines and diagonal line segments ͑Lin et al. 1998͒. Let the original complex contour L, as shown in Fig. 1 , be described by a set of discretized data points. Suppose A and B are two neighboring contour data points given on the original contour L. Let a be the Cartesian grid node approximating A. Then, evaluating the distances between B and the neighboring grid nodes, according to the minimum distance rule, the Cartesian grid node b, which has the shortest distance to B, is considered as the approximated grid node of B. Similarly, the data points C, D, E, F, G, and H at the original contour L are approximated by the grid points c, d, e, f, g, and h. Linking each approximated grid node in order, the simulated boundary line l can be generated.
The approximation using the proposed diagonal segments as shown in Fig. 2͑b͒ is obviously closer to the original contour than that using the saw-tooth method as shown in Fig. 2͑a͒ .
An alternating direction implicit ͑ADI͒ method is used to discretize the flow Eqs. ͑1͒-͑3͒ and sediment transport Eq. ͑4͒. The method is a two-step scheme at, respectively, time level ͑n +1/2͒
and ͑n +1͒
As a result of the "splitting," which is employed in the algorithm, only a tridiagonal system of one-dimensional linear algebraic equations must be solved. In solving Eq. ͑8͒, a tridiagonal matrix is solved for each j row of grid points; and solving Eq. ͑9͒, a tridiagonal matrix is solved for each i row of grid points.
The treatment of boundary conditions for problems that have either regular or complex boundaries in the solution domain requires discussion. In addition to the computational boundary ͑outer boundary͒, there is an interface boundary ͑inner boundary͒ where the flow domain meets the solid domain. Ruled by the minimum distance approximation for the diagonal Cartesian method, eight types of line segments are produced at the solid domain boundary, as shown in Fig. 3 .
The solution of flows and sediment transport relies on inner boundary conditions. Ghost boundary nodes and diagonal surface nodes, which lie on the inner boundary and are marked with empty circles and rectangles in Fig. 4 , appear when cell-centered nodes on a staggered mesh are employed. The continuous equation at interior nodes can be enforced by the finite-difference method. However, close to the ghost nodes and diagonal surface nodes, the continuous equation and corresponding water level boundary condition require special consideration.
The inner boundary is described by a series of ghost boundary nodes and inner surface nodes. From Fig. 4 , which is the upstream boundary in the x-direction, the ghost boundary nodes are located between existing grid nodes, and the diagonal surface nodes are located on diagonal segments. Ghost boundary nodes are used to specify the water level boundary condition as well. Use of the finite-difference scheme to formulate the flow and sediment transport equations is described in the Appendix. The same methods are used for the water level, velocity, and sediment concentration calculation at the downstream in the x-coordinates, and at the upstream and downstream in the y-coordinates. As a The equations of flow and sediment transport are solved by the uncoupled method. For the flow equation, as compared with the traditional methods, the coefficients of the tridiagonal matrix vary only in the boundary grids. The system of linear equations formed after separating can still be solved by the pursuant method.
Application of Diagonal Cartesian Method
This section presents an effort to validate the calculation model with the aid of field measurements of the Quanzhou Bay. The Quanzhou Bay is located in southeast Fujian province of China. Fig. 5 shows the layout of the bay. Two rivers, the Luoyang River and the Jin River, converge into Quanzhou Bay in the northeastern part. The average discharge of the Jin River is 158 m 3 / s, and little water pours into the bay from Luoyang River because of a lock built in its main channel. Tidal flood flows into the bay over the years from south to north. In order to discover the flow and sediment transport, a field study and a computational study were implemented in this area. The field study involved measurement of the tide water level, velocity, and direction and the sediment concentration at six observed stations, as shown in Fig. 5 . In the research domain, there are also two long-term tide water level observation stations, Xiangzhi and Chongwu ͑close to position C in Fig. 5͒ , which provided tide water level boundary conditions for the calculation. Boundary conditions are implemented by placing the appropriate quantities in a boundary cell. The tide water level is specified to line AB and line BC, which is east and part of the south boundary. Fig. 6 shows the averaged-tide water level process for the calculation.
At an inflow boundary for the Jin River and Luoyang River, the u and v velocities are specified based on the average velocity, which is calculated from U = Q / A, where Q and A are discharge and cross-sectional area of the Jin River ͑Q = 158 m 3 /s͒ and Luoyang River ͑Q =0 m 3 /s͒. The velocity distribution is specified ͑Zhang and Xie 1993͒ as
͑10͒
where Z and Z b ϭwater level and local bed elevation; and mϭempirical constant, which is 7.6 in a natural river. At the wall, the primitive variables are extrapolated; H is extrapolated first and the velocities are specified in the cell such that u Ќ ͑the velocity in the y-direction͒ at the wall is zero and u // ͑the velocity in the x-direction͒ remains unchanged.
The sediment transport boundary condition involves sediment concentration and sediment settling velocity. In Quanzhou Bay, the settling velocity is 5.0ϫ 10 −4 m / s and the sediment concentration at Jin River is 0.48 kg/ m 3 ; 0.025 kg/ m 3 is used at the east boundary resulting from the tide.
The calculations were carried out on a PC − P III computer. The calculation area dominates for about 400 km 2 . The cell size is 100ϫ 100 m 2 , with 253 grid lines in the longitudinal direction and 225 grid lines in the transverse direction. The time step ⌬t is 3 s, and the calculation covers about two tides for about 24 h. The calculation results are shown in Fig. 7 . Fig. 7͑a͒ shows the velocity vector of the flood tide at the spring tide. It can be seen that, during flood tide, the flow advances from the south deep sea to the north shallow sea, and then the tide current is divided into two streams of water after meeting with Dazhui Island, which is the demarcation point. The two streams of water flow into north waterway and south waterway. Moreover, the flow moves along the south waterway directly to the west until it reaches the flood plain at the river mouth of Jin River. With the tide water level rise, the flood plain at the river mouth is gradually inundated until the tide current flows backward into the Jin River. Fig. 7͑b͒ shows the ebb tide current concentration on the south waterway. With the tide water level decreasing, the flood plain is gradually exposed. From the preceding figures, it is obvious that the south waterway is the main channel for the flow of the Quanzhou Bay.
In order to account for the flow velocity vector accurately and the advantage of the diagonal Cartesian method, the local enlarged velocity vectors are displayed in Fig. 8. Fig. 8͑a͒ is the backflow velocity field downstream at the lock of Luoyang River during flood tide. Fig. 8͑b͒ shows the velocity field at the relatively blind channel area, which manifests that the diagonal Cartesian method can capture very complex flow phenomena in the calculation. Fig. 8͑c͒ is the velocity vector around Dazhui Island, which shows that the flood tide flows turn north to west after encounters with the island. Fig. 8͑d͒ shows the velocity field at the same position as Fig. 8͑c͒ but at the ebb tide period.
Verification of the water level results at the Shanqian and Antou observation stations during a time of typical averaged-tide is shown in Fig. 9 . Fig. 9 indicates that the results of the model agree well with the measured data at the Shanqian station. At the Antou station, the comparison of the computed and measured results shows a slight departure.
In Fig. 10 , the computed velocity processes are compared with the measurement at observation station Nos. 6, 8, and 9, including velocity and direction. The No. 6 station is located in the north waterway of the bay, the No. 8 station is in south waterway, and station No. 9 is near the meeting of the north waterway and the south waterway. In all pictures, the positive velocities denote that the current flows out of the bay from west to east, while the negative velocities denote that the current flows into the bay from east to west. It is obvious that the computed velocities agree well with the measured data, except for a few points of peak value. The north direction is defined here as 0°, and the angle increases to 180°with clockwise rotation and decreases to −180°with counterclockwise rotation. In fact, 180°and −180°are the same A comparison of the water level at Shanqian and Antou and the velocity intensity and velocity direction at observation station Nos. 6, 8, and 9 using the diagonal Cartesian method and the classical finite-difference method is shown in Table 1 . Apparently, the diagonal Cartesian method improved the calculation accuracy of the flows, especially for the velocities and velocity directions.
Figs. 7-10 indicate that the model stated in this paper can simulate well the movement of the shallow-water current flow in the tidal waterway, obtaining qualified flow results to calculate sediment transport in the following procedure.
The sediment concentration distributions of the typical averaged-tide are also shown in Fig. 7. For example, Fig. 7͑a͒ shows the result of the flood current, in which the sediment concentration is small in the open sea outside of Dazhui Island, not high in the south waterway with deep water depth, and quite high in the flood plain at the entrance of Jin River, due to the shallow water. The resulting ebb current is shown in Fig. 7͑b͒ . It indicates that the sediment concentration decreases from the inner bay to the open sea. This rule is consistent with the rule that the current gradually decreases in the same direction.
The percentage errors of the calculated result of averaged sediment concentration at the No. 6, 8, and 9 observation stations are 4.1, 7.5, and 8.6%, respectively, corresponding to the measurement data of 0.061, 0.056, and 0.065 kg/ m 3 . Fig. 11 shows the relationship between the average velocity and sediment concentration of four primary governing cross sections, in which four kinds of symbols denote the measured data and lines denote the regression curve of the computed results. Because the variation range of the velocity is small, 0.1-0.8 m / s, a simple linear regression is used here. If the variation range of the velocity is not small, the high-accuracy interpolation formula should be used instead of the linear function. Statistically speaking, the model shows satisfactory results in Quanzhou Bay. The correct sediment transport rules lay the foundation for scour-andfill calculation.
To multiply the amount of river-bed deformation due to water scouring and sediment accumulation during the period of a full typical averaged-tide process by the number of tide periods in a year, the yearly scour-and-fill amount can be obtained, as shown as in Fig. 12 . The computed averaged scour-and-fill intensity is about 0.01 mm every 12 h ͑one tidal process͒. Then, 0.01ϫ 2 ϫ 365= 7.3 mm is calculated for the whole year. The calculated results agree well with the measured data at 7.7 mm of topographical change for one year.
Conclusions
The diagonal Cartesian method has been used successfully for the geometric approximation and numerical simulation of shallow Fig. 11 . Relationship between average velocity and sediment concentration at four cross sections water flows and suspended sediment transport over complex boundaries in Cartesian coordinates. The method can approximate the borderline of the natural water area and avoid generating the saw-tooth boundary. Moreover, it also produces a very simple grid and needs a small amount of computer memory. Calibration of the method has been achieved by calculation of the flow and suspended sediment transport in Quanzhou Bay of the Fujian province. The good agreement shows that the method provides a new idea for calculating the problems in complex boundary and near-shore engineering. Further development of this method for use in the finite-volume method in complex boundaries is underway, and this also will be included in further research.
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Notation
The following symbols are used in this paper: C ϭ Chezy resistance coefficient; g ϭ acceleration due to gravity; H ϭ water depth; i, j ϭ grid line index in x-and y-directions; K 0 ϭ coefficient of sediment-carrying capacity; k x , k y ϭ diffusion coefficients of sediment in x-and y-directions; n ϭ Manning bed roughness coefficient; S ϭ water-depth averaged suspended sediment concentration; S * ϭ sediment-carrying capacity; U ϭ magnitude of flow velocity; u, v ϭ water-depth averaged velocity components in x-and y-directions; Z ϭ water level; Z b ϭ local bed elevation; Z 0 ϭ river-bed deformation; ␣ ϭ recovery coefficient of suspended sediment; ␥Ј ϭ bulk weight of deposit; ϭ off-center factor; t ϭ viscosity coefficient of turbulent; and ϭ average settling velocity of suspended sediment.
Appendix. Formula
Using the finite-difference scheme to formulate the continuous equation at the ͑i , j͒ node as
The cell-center nodes of the water level for the ghost boundary are effected by H i+1/2,j , H i−1/2,j , H i,j+1/2 , and H i,j−1/2 . The weighted mean method is used to formulate the water level in the cell:
• For the type given by Fig. 4͑a͒ H i+ 
• For the type in Fig. 4͑b͒ 
